The effects of the thymic polypeptide thymopoietin (Tpo) on the properties of the nicotinic acetylcholine receptor (AcChoR) were investigated by patch clamp techniques on mouse C2 myotubes and by biochemical assays on AcChoR-rich membrane fragments purified from the Torpedo marmorata electric organ. At high concentrations (>100 nM), Tpo inhibits the binding of cholinergic agonists to the AcChoR in a Ca2+-insensitive manner. At lower concentrations (2 nM The nicotinic acetylcholine receptor (AcChoR) from the vertebrate neuromuscularjunction and the fish electric organ is a ligand-regulated ion channel, which undergoes several distinct categories of allosteric transitions (for review, see ref.
FRE9DERIC REVAH*, CHRISTOPHE MULLE*, CHRISTIAN PINSET*, TAPAN Contributed by Jean-Pierre Changeux, December 22, 1986 ABSTRACT The effects of the thymic polypeptide thymopoietin (Tpo) on the properties of the nicotinic acetylcholine receptor (AcChoR) were investigated by patch clamp techniques on mouse C2 myotubes and by biochemical assays on AcChoR-rich membrane fragments purified from the Torpedo marmorata electric organ. At high concentrations (>100 nM), Tpo inhibits the binding of cholinergic agonists to the AcChoR in a Ca2+-insensitive manner. At lower concentrations (2 nM), Tpo applied on C2 myotubes simultaneously with nondesensi- The nicotinic acetylcholine receptor (AcChoR) from the vertebrate neuromuscularjunction and the fish electric organ is a ligand-regulated ion channel, which undergoes several distinct categories of allosteric transitions (for review, see ref. 1) . In addition to the fast opening and closing of the ion channel, the neurotransmitter acetylcholine (AcCho) and a variety of allosteric effectors elicit slower reversible transitions towards desensitized states, in which the AcChoR is refractory to activation. The physiological significance of these desensitized states is still debated. A plausible hypothesis is that they are involved in the regulation of synapse efficacy at the postsynaptic level (2) . In a search for endogenous substances distinct from AcCho that may regulate AcChoR desensitization, it was ofinterest to study the effects of the thymic hormone thymopoietin (Tpo). Tpo, a polypeptide hormone physiologically secreted by epithelial cells of the thymus, induces differentiation of prothymocytes and affects the functions of mature T cells (3) . Studies of the human disease myasthenia gravis, in which thymic abnormalities are associated with muscle weakness and fatigability caused by impaired neuromuscular transmission (4) , led to the hypothesis that an autoimmune thymitis present in myasthenia gravis results in hypersecretion of a thymic substance responsible for postsynaptic impairments in cholinergic transmission (5, 6) . The detection, in thymic extracts, of a factor causing electromyographically detectable changes in neuromuscular functioning with fatigability at nerve stimulation frequencies of 50 Hz led to the purification and the determination of the complete amino acid sequences of bovine and human Tpos (7) (8) (9) . Recently, equilibrium binding studies with Torpedo californica AcChoR-rich membrane fragments have shown that Tpo interacts with the AcCho binding site (10) . We have now further studied the interaction of bovine Tpo and human synthetic Tpo (STpo) with the AcChoR of C2 mouse myotubes by using patch clamp techniques and with AcChoR-rich membranes from Torpedo marmorata by using a variety ofbiochemical approaches; we show that this thymic polypeptide regulates AcChoR desensitization.
MATERIALS AND METHODS AcChoR-rich membrane fragments were purified from T. marmorata electric organ as described (11) , in the presence of protease inhibitors and chelating agents to limit proteolysis, and were stored in liquid nitrogen. Tpo was purified from bovine thymus as previously reported (7), and STpo was prepared from the human sequence (8) Al of 10% (vol/vol) Triton X-100 and was counted.
Fluorescence recording and the analysis of Dns-C6-Cho interactions with AcChoR-rich membranes (millisecond to minute time range) were carried out as described (14) . (Fig. 1B) . The channel opening frequency showed a marked (Fig. 1A3) , so that the closed time distribution could be fitted by a single exponential. The addition of higher concentrations of Tpo (200 nM) to the AcCho pipette solution led to a progressive decrease in the opening frequency (39 + 3%; n = 3 patches; 4 min after seal formation), but this decrease was significantly smaller than that observed when Ca2l was present in the extracellular medium (Fig. 1B) . In control experiments, with or without Ca2l in the external medium, channel opening frequency remained stable over several minutes.
Thus, Ca2l influences the effect of Tpo either directly (on the external face of the membrane), or indirectly (on its cytoplasmic face) as a consequence of Ca2+ entry through AcChoR channels (17) . Outside-out recordings were used to test the latter hypothesis under conditions of rapid buffering of Ca2+ entry (10 mM EGTA and 0.5 mM Ca2' added to the internal face medium) or under conditions where internal Ca2+ concentrations were permitted to fluctuate (0.1-0.2 mM EGTA and no Ca2+) (Fig. 2) . With 10 mM EGTA present on the internal face of the membrane, no long closures between groups of openings were observed (n = 7 patches) at Tpo concentrations ranging from 2 to 200 nM. However, the relative frequency of openings, as compared to the control (500 nM AcCho alone), decreased with increasing Tpo concentrations (from =5% decrease for 2 nM Tpo to a 50% decrease for 200 nM Tpo) ( Fig. 2A) . There was a shift of closed time distribution towards higher values of T1 without the appearance of an additional component for long closed times ( Fig. 2A) . This effect was reversed in a few minutes and is consistent with the previously reported competitive blocking action of Tpo (10) .
When low concentrations of EGTA (0.1-0.2 mM) were used to chelate Ca2" entering through AcChoR channels, Tpo effects on AcChoR currents were similar to those observed in the cell-attached configuration, except for a shift in the concentration at which Tpo was effective (Fig. 2B) (10) . In the presence of 4 mM Ca2', however, Tpo exhibited a more complex action (Fig. 3A) (Figs. 4 and 5) . In the presence of 220 nM STpo and 4 mM Ca2+, the relative amplitude of the rapid signal as a percentage of the total signal rose from -20 to -63%. Moreover, under the same conditions, the rate of the intermediate transition increased 3.3-fold. None of these effects were observed in the absence of Ca2' or when Mg2+ was substituted for Ca2+. The effects of STpo remained after treatment of the AcChoR-rich membranes at pH 11 (20) . This state has been identified as a closed channel and desensitized state of the AcChoR (14, 21) . DISCUSSION Electrophysiological studies with mouse C2 myotubes and biochemical observations with T. marmorata AcChoR-rich membranes provide parallel evidence that Tpo and STpo exert at least two distinct types of effects on the AcChoR.
First, in agreement with earlier observations (10) , Tpo interacts at high concentrations (>100 nM), in a W+-independent fashion, with the AcCho binding site as a competitive antagonist. A second type of effect occurs at significantly lower concentrations of Tpo and STpo (2-200 nM) and shows a striking Ca2+ dependence. Single channel recordings with C2 myotubes in the cell-attached mode reveal that at low concentrations Tpo causes the appearance of long closed times with a mean duration of several hundreds of a millisecond and progressively reduces the frequency of channel opening by more than 90% at high concentrations. Such long closed times could be explained by different mechanisms. Whereas a noncompetitive blocking mechanism similar to that of phencycidine at high concentrations (13, 22) Ca2+ entry by high concentrations of EGTA (10 mM) prevented the occurrence of long closed times and (it) Tpo was effective when internal Ca2+ was allowed to fluctuate in the presence of low concentrations of EGTA. Thus, the concentration of Ca2+ present inside the cell regulates the effect of Tpo on desensitization. In other words, the conjunction of Tpo and Ca2+ on the opposite faces of the membrane is required for the enhanced desensitization of the AcChoR by Tpo. A similar mechanism has been postulated, on strictly theoretical grounds, to model changes of synapse efficacy that potentially occur in physiological situations referred to as "classical conditioning" (2) .
The nature of the site(s) at which Tpo enhances AcChoR desensitization is (are) as yet unknown. The difference in the range of Tpo concentrations required for the occupancy of AcCho binding sites and for the regulation of desensitization suggests that high affinity allosteric sites for Tpo distinct from the AcCho binding site may exist on the AcChoR-rich membranes. These sites remain after the membranes are depleted of peripheral proteins by treatment at pH 11 (20) . Such sites, however, were not detected in previous studies (10) where cholinergic ligands were found to totally inhibit Tpo binding to AcChoR-rich membranes. Alternatively, since the two AcCho sites present per AcChoR oligomer possess different binding properties (for review, see ref. 1), Tpo might bind preferentially to one of these sites thus stimulating desensitization while leaving the other one accessible to Dns-C6-Cho or AcCho.
Alternative mechanisms for the desensitizing effect of Tpo could be considered. However, no phospholipase A or C activity (23) could be detected in our Tpo preparation (24) . Moreover, the allosteric effects of Tpo do not seem to be linked to phosphorylation (25, 26) , since T. marmorata membrane preparations and cell membranes in the outsideout configuration presumably do not contain the full complement of factors required for phosphorylation.
The present data could explain previous physiological studies suggesting that a hormone secreted by the thymus (Tpo) affects cholinergic transmission at the neuromuscular junction (9) . The level ofbiologically active Tpo measured by immunoassays (27) in bovine serum varies from 30 to 50 nM, a range of concentration within which Tpo may regulate AcChoR desensitization. Changes in serum Tpo occasioned by thymectomy or implantation of thymus grafts could, therefore, account for the changes in cholinergic transmission observed in thymectomized or thymus-grafted rats (28) .
The pathogenesis of the neuromuscular block in myasthenia gravis is controversial. Autoantibodies to the AcChoR are often present, but the lack of systematic correlation between the levels of such antibodies and the state of neuromuscular transmission (29) suggest that these autoantibodies may not represent the only pathogenic mechanism involved in the disease. The present data lend further support to the hypothesis (4) that an autoimmune thymitis resulting in the elevation of circulating Tpo levels could lead to depression of cholinergic transmission at the neuromuscular junction. They further suggest that the thymus, by means of Tpo, in addition to its known actions on the immune system, could exert regulatory effects at the neuromuscular junction.
